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Abstract
One of the biggest challenges in embryonic stem (ES) cell biology
is to replicate the organized structure that an embryo develops in
vivo: ES cell differentiation in vitro is disorganized and highly
variable. This study presents a micropattering technique to study
organized differentiation of mouse embryonic stem cells (mESC)
into the germ layers. Microcontact printing is used to create a
patterning of circular spots on a flat substrate to confine colony
growth. This confinement triggers a spatial patterning of germ
layers inside the colonies. We found that after 6 days of
differentiation, mESC colonies on a micropattern of laminin or
collagen express Sox17, indicating endoderm, in cells near the
edge of a 200-300µm diameter colony. Brachyury, a mesoderm
marker, is expressed around the center. Future research should
investigate ways to optimize colony geometry control during
differentiation.
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Chapter1
Introduction
Embryonic stem cells are pluripotent, which means they can differentiate
into any type of tissue. If we could control their differentiation, we could
regenerate any kind of tissue, which would be a huge leap in medical de-
velopment.
The differentiation of embryonic stem cells (ESCs) is usually studied
in embryoid bodies (EBs). They are aggregates of ESCs which float freely
and are not attached to a culture surface. Although they can be steered
to differentiate into certain cell types, their composition is often highly
variable and there is a lot of variance between EBs cultured under the exact
same conditions.
Most notably, the size of EBs is variable. Some studies have tried to
constrain their size using technology like microwell chips [1]. In these
microwells, EBs could grow until they touch the walls and thus reach
their maximum size. The growth process that leads up to this point is
still uncontrolled, which could account for a variability in composition,
even though the size at which the growth ends is controlled.
Colony geometry has a big influence on cell fate decision. It is therefore
paramount that we develop a technology to control colony geometry. This
allows us to study differentiation in a controlled environment to gain a
better understanding of cell fate decisions.
Micropatterning allows us to control colony geometry exactly from be-
fore the start of differentiation, ensuring reproducibility in differentiation
experiments.
Warmflash et al [2] have micropatterned human ESCs and differen-
tiated them. They found that, given sufficient colony size, all three germ
layers were expressed. In these micropatterned human ESC colonies, ecto-
derm was expressed at the center, and endoderm at the edge, surrounded
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Figure 1.1: Quantified data from one single colony is shown in plots (ab) for the
indicated immunofluorescent markers, accompanied by an image of the colony.
One dot is a data point that corresponds to one cell. C shows a plot of the mean
over multiple colonies for four markers, which closely corresponds to the spatial
pattern of the model shown in d. [2]
.
by a trophectoderm-like layer.
We present a similar technology for the more widely used mouse ESC,
and study the differentiation of the patterned colonies.
2
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Chapter2
Theory
2.1 In vivo: early mouse embryonic development
Figure 2.1: TE: trophectoderm, ICM: inner cell mass, PE: primitive endoderm,
EPI: embryonic epiblast. Figure from Graham et al, 2016 [3]
In order to understand what the embryonic development is that we are
modelling, we will first look at mouse embryonic development in vivo.
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The first cell fate decision in a mouse embryo occurs around the third
embryonic day (E3.0): outside cells form the trophectoderm (TE) while
the inside cells form the pluripotent inner cell mass (ICM). One day later,
the ICM is splitting into the primitive ectoderm (PE) and the embryonic
epiblast (EPI). Precursors of these lineages can be recognized by the ex-
pression of Gata6 and NANOG, respectively. This process is illustrated in
Figure 2.1.
The embryonic stem cells that we use are derived from the pluripo-
tent ICM: they can differentiate to become any cell in the body and are
not committed to a particular lineage. They are used as a model to study
differentiation in vitro. [4]
2.2 Embryonic stem cells
2.2.1 The transcription factor network in the pluripotent
state
The pluripotent state in the ICM is assured by a network of transcrip-
tion factors (TFs). Oct3/4 prevents trophectoderm differentiation, while
NANOG suppresses differentiation into primitive endoderm while main-
taining Oct3/4 transcription. NANOG is mostly active in the epiblast,
whereas Gata6 promotes primitive endoderm differentiation.
After the trophectoderm - inner cell mass differentiation, the next dif-
ferentiation step in embryonic development is the differentiation into the
primitive endoderm, which will continue to form the placenta, and the
epiderm (blue in figure 2.1). All bodily cells from from this epiderm.
The epiderm then differentiates into three germ layers: ectoderm, the
outer layer, which gives rise to the brain, central nervous system and the
skin; mesoderm, the middle layer from which bone, kidney, facial muscle
and blood cells are formed; and endoderm, the internal layer, where the
stomach, lungs, thyroid and intestines have their origin.
2.2.2 Lineage markers (SOX17, Brachyury and Otx2)
SOX17 is a TF that is critical to the formation of the endoderm in the mouse
embryo. Viotti et al.[5] have shown that in the absence of SOX 17, the
definitive endoderm (DE) is not formed. Cells that originate in the prim-
itive streak normally migrate through the mesoderm before intercalating
into the extra-embryonic visceral endoderm (VE) to form the definitive
4
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endoderm. Without SOX17, they fail to differentiate fully and are incorpo-
rated into the mesoderm instead.
Brachyury is not only crucial in mesoderm cell migration and meso-
derm formation, Lolas et al.[6] found. It fills a central role in the TF net-
work of the mouse embryo around E7.5: it targets numerous genes with
functions that vary from signaling pathways to skeleton muscle regulators
and protein synthesis. It is a key regulator in early embryonic develop-
ment, notably to facilitate gastrulation.
Otx2 is essential in exiting the naive pluripotent state and differenti-
ating into the first germ layer that emerges in the mouse embryonic de-
velopment: the ectoderm. Otx2 requires Oct4 and also recruits Oct4.[7]
Expression of both TFs indicates ectoderm lineage commitment.
2.3 In vitro differentiation
2.3.1 Influence of extracellular matrix components
The extracellular matrix (ECM) is network of proteins secreted by cells
that support the cells strucutrally and chemically. We use some of the
proteins that are present in the extracellular matrix as a substrate for our
cells. Their main purpose in our experiment is to provide cell adhesion,
but their influence on differentiation shouldn’t be underestimated.
The bulk of ECM proteins are collagens: these fibrillar proteins pro-
vide structure the surrounding tissue and are responsible for the rigidity
of bones. Elastins have the opposite effect on tissue structure: they allow
tissue to stretch, hence the name. Fibronectins are proteins that adhere
to collagen fibers, assisting in cell migration[8] . Laminins, as opposed to
fibrous collagens, form highly interconnected aggregated structures. Ma-
trigel is a mix of different ECM proteins, isolated from live organisms.
Extracellular matrix proteins are known to influence cell differentiation
with some proteins guiding specific differentiation paths[9][10] and others
promoting pluripotency[11][12]. Domogatskaya et al. discovered that a
Matrigel substratum is essential for maintaining pluripotency in human
ESCs.
In mouse ESCs, however, Matrigel allows differentiation, like most
laminin types (including the one we use, laminin-111); but a laminin-511
substrate keeps mouse ESCs pluripotent for 169 days, even in the absence
of differentiation inhibitors[12]. This result highlights the role of ECM
coating materials in differentiation. Hayashi et al.[13] found that collagen
and gelatin maintains mouse ESC pluripotency better than laminin.
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2.3.2 Role of colony geometry
Spatially organized differentiation in human ESCs has been found to be
triggered by borders that confine colony growth. The mechanism that or-
ganizes the differentiation senses the exterior edge of the colony, caus-
ing cells at the edge to differentiate into (from exterior to interior) TE
(CDX2 expression), endoderm (SOX17), mesoderm (Brachyury) and ec-
toderm (SOX2). See figure 1.1 on page 2. If colony size is not sufficient, the
ectoderm layer at the center of the colony is missing [2].
Figure 2.2: Differentiation is organized from the edge of the colony: Warmflash
et al. [2] show here that SOX2 (ectoderm) expression at the center of the colony is
not present in smaller colonies. Figure A shows immunofluorescence staining for
NANOG and SOX2 in a 1000 μm colony after 42 h of BMP4 treatment. Figure B is
a scatter plot of SOX2 and NANOG expression for data gathered from different
colonies, where each data point is a single cell.
Figure 2.3: Radial distribution of germ layer expression in embryoid bodies cul-
tured from a single stem cell in fibrin gel by Poh et al. [14]. Notice that the spatial
organization of the germ layers is completely different than in Warmflash’[2] mi-
cropatterned colonies. See figure 1.1
In the embryoid bodies that Poh et al. [14] cultured from single mES
6
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cells, the germ layers were organized in a completely different order. From
exterior to interior, they discovered layers that expressed: Brachyury (meso-
derm), SOX1 (ectoderm), Gata6 (endoderm).
The theory indicates that a micropatterning technique to control colony
size precisely will enable us to study the organized differentiation of mESCs
into germ layers. Controllable factors that could influence the spatial or-
ganization of the differentiating colony include size and ECM material.
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Chapter3
Methodology
Overview
To confine differentiating cells to precisely defined growth areas we pat-
tern glass substrates with adhesive molecules. To that end we use mi-
crocontact printing. Specifically, we made a PDMS stamp using a silicon
mold (master). This mold is fabricated with soft photolithography: a pro-
tocol that consists of three main steps: applying photoresist, exposing to
UV under a mask to select which areas will be exposed (see Figure 3.1),
and then developing the features.
Microcontact printing consists of the following steps:
1. Pattern wafer using photolithography
2. Make PDMS stamp
3. Treat PDMS and glass substrate
4. Stamp the adhesive molecules onto the substrate
We then plate these micropatterns with mouse embryonic stem cells
under pluripotency conditions. After two days, they have settled down on
the pattern and we allow them to differentiate by changing to a medium
without differentiation inhibitors. We image the cells throughout this pe-
riod.
After 6 days of differentiation, we fix the cells in place, and use im-
munostaining to measure expression of the germ layer markers.
We stamped the patterns using different adhesive materials to see which
works best for mESCs. No specific differentiation cues are used to start
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Figure 3.1: An overview of the stamping process. Left: We start out with a
transparant UV mask with black dots and use it to selectively deposit photore-
sist on a silicon wafer. This ’master’ is then covered in PDMS and baked to make
a PDMS stamp. Figure by Mazutis[15] Right: This stamp is covered with a protein
solution, dried and applied to the glass coverslip to create a protein micropattern
that the cells can attach to. Figure by Van Philipsborn[16]
Figure 3.2: A detail of the mask. Two of the pattern sets within the big round
brackets could fit on one of our wafers. These are the patterns we used to obtain
the results: 100 μm diameter, with pitch varying between 100 and 600 μm.
10
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3.1 Soft photolithography 11
differentiation: the cells spontaneously differentiate when attached to the
pattern and no inhibitors are present in the medium. This protocol is sim-
ilar to the EB protocol used in Sakai et al.(2011) [1]. The cells are then
stained with antibodies to mark the three germ layers: Sox17, Brachyury
and Otx2, for endoderm, mesoderm and ectoderm, respectively.
3.1 Soft photolithography
More details on the protocol are in Appendix A on page 43.
The used mask (see figure 3.2) contains structures with a diameter of
100 µm, while the pitch (distance between spots) of the 6 patterns varies
between 100 and 600 µm. We used a silicon wafer with a diameter of 12
cm. After cleaning with isopropanol, the wafer is coated with a layer of
MicroChem SU-8 2025 negative photoresist.
For coating we used a spin-coater at 3000 rpm, then baked at 95 ◦C for
5 minutes (with gradual warmup and cooldown). For all baking steps, we
used a programmable hotplate where we can control the temperature, as
well as the warmup and cooldown times. A mask aligner with a mercury-
vapor lamp provides the UV radiation at an intensity of 10 mW/cm2. The
wafer is brought in close contact with the mask before exposure. The part
that is exposed to UV is cross-linked while the rest remains soluble and is
washed off.
For post-exposure baking, we used another program so it stayed at
65 ◦C for 3 minutes before ramping up to 95 ◦C and then baking for 8 min-
utes.
After cooldown, the wafer is developed for 3 minutes in Microchem
SU-8 developer. Then the wafer is washed with isopropanol and dried
with pressurized nitrogen before the post-bake step.
For post-baking, the wafer is kept at 150 ◦C for 30 minutes, then left to
cool down to room temperature overnight.
Before use, the master is silanized to prevent PDMS adhesion. To achieve
this, we put the master in a desiccator for 2 hours with an aliquot contain-
ing 40µl of (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane.
3.2 PDMS stamp fabrication and stamping
A more complete description of the protocol can be found in Appendix B
on page 45.
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3.2.1 Stamp fabrication
PDMS is mixed at a ratio of 10:1 base to curing agent. Degassing in a
desiccator is done for 5 minutes after mixing, then after pouring the PDMS
on the master, it is degassed again for 15 minutes. It is then cured in the
oven at 110 ◦C for 20 hours. After a cooldown of 2 hours, the stamps are
carefully cut and peeled off.
The wafers are washed with isopropanol and we put them in the 65 ◦C
oven for 1 hour to dry. We re-silanize a wafer after using it twice. See
section 3.1 for silanization.
3.2.2 Micropattern stamping
We submerse the stamps in 100% ethanol and put them in the sonicator
bath for 10 minutes to clean them. The stamps are dried and we apply a
concentration of adhesive extracellular matrix material, 40 µl per stamp.
The concentration is different for each substance, see B on page 46.
We incubate the stamps with the droplet applied for 1 hour at room
temperature, and put the glass coverslips (thickness 1.5 mm) in the oxygen
plasma cleaner for 10 minutes at 100 W at a pressure of 0.1 mBar. Then
we wash the stamps with milliQ H2O and let them dry for 15 minutes in
the flow hood. We apply the stamp gently to the treated coverslip and
incubate it at room temperature for 10 minutes.
We then submerse the coverslips with the attached stamps in 100%
ethanol before removing the stamps. We then replace the ethanol in which
the stamped coverslips are submersed for 70% ethanol, then for 0.2% Pluronic
acid in PBS to block cell adhesion to the glass. We leave them in the
Pluronic for 1 hour.
The stamped patterns are then washed with PBS and stored for a few
days at 4 ◦C or immediately plated with cells.
Cells are plated on the patterns in 6-well plates. Each well contains 1
patterned coverslip with 250.000 cells in 2ml of 2i medium.
3.3 Cell culture
Mouse ESCs (E14) were cultured in 2i pluripotency medium on gelatin
before being seeded on the micropattern. Cells are split every 2-3 days to
keep the number of cells in a 6cm dish between 500 thousand and 2 mil-
lion. On the pattern, we intitially used 2i medium as well. This is changed
12
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after a few days to the EB medium without differentiation inhibitors. Pat-
terned coverslips are kept in plastic 6-well plates throughout the exper-
iment. See Appendix C on page 49 for the media recipes and exact cell
culture protocol.
3.4 Immunofluorescence staining
To measure cell differentiation, we fix and permeabilize cells and stain
them with primary antibodies that bind to the marker TFs and then with
secondary antibodies that bind to the primary antibodies and contain flu-
orescent molecules.
Fixation and immunostaining is done simultaneously for all micropat-
tern cultures in a 6-well plate. Micropattern coverslips were not removed
from the 6-well plate. Volumes mentioned here are the necessary volumes
for a single patterned coverslip.
For primary fixation, we cover the micropattern with 400 µl of 4%
paraformaldehyde at 4 ◦C for 1 hour. After washing three times with a
blocking buffer(Tween 20, Tris, BSA, NaCl), we permeabilize the cells by
covering them in 400 µl of 2% TritonX-100 for 30 minutes at room tem-
perature. For the second fixation we incubate the patterns for 15 mins at
4 ◦C in 400µl paraformaldehyde, then wash three times with the blocking
buffer again.
The primary antibodies:
• Anti-mouse brachyury produced in goat as mesoderm marker
• Anti-mouse otx2/1 produced in rabbit as ectoderm marker
• Anti-mouse sox17 produced in mouse as endoderm marker
Are diluted 1:200 in blocking buffer. We cover the fixed cells and incubate
overnight at 4 ◦C in the dark. Then after three washes with PBS 1X, we
cover the cells with 300 µl of 1:200 dilution of the secondary antibodies in
blocking buffer. Secondary antibodies:
• Anti-goat Alexa Fluor 488 produced in donkey
• Anti-rabbit Alexa Fluor 647 produced in donkey
• Anti-mouse Alexa Fluor 555 produced in donkey
We incubate this at 4h at room temperature in the dark, then wash three
times with 500 µl of PBS 1X. Finally we cover the stained cells in 1 ml of
PBS 1X and image them under the microscope.
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3.5 Image analysis
We use CellProfiler[17] 2.1.1 to measure the radial distribution of the in-
tensity of the fluorescent antibodies in colonies on the micropattern. Cell-
Profiler is an open-source project for automated high-throughput analysis
of biological images. The 647nm channel is used to recognize the colonies,
then after background subtraction, the radial distribution inside that object
is measured in all three fluorescence channels, using 9 bins. Background
subtraction was done for each image individually by measuring the low-
erquartileintensity of the image outside the expanded Colony object (ex-
panded by 120 pixels), then using that measurement in the ApplyThresh-
old module to subtract the value from every pixel. This method was pro-
posed by Bray in August 2010 on the CellProfiler forums[18]. The CellPro-
filer parameters MeanFrac and RadialCV from the MeasureRadialDistri-
bution module in CellProfiler 2.1.1 were then exported to a csv-file. The
CellProfiler help describes these parameters as follows:
• MeanFrac: Mean fractional intensity at a given radius; calculated as
fraction of total intensity normalized by fraction of pixels at a given
radius.
• RadialCV: Coefficient of variation of intensity within a ring, calcu-
lated over 8 slices.
Please note that CellProfiler 2.1.1 is being succeeded by version 2.2.0 at
the time of writing. In this version, the MeasureRadialDistribution mod-
ule has been renamed MeasureObjectIntensitydistribution and its func-
tionality has changed.
A Python [19][20] script using the NumPy [21] and MatPlotLib [22]
modules then plotted these values, using the MeanFrac as data points and
the RadialCV as error bars.
14
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Figure 3.3: A screenshot of the used CellProfiler pipeline in Test Mode. [17]
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Chapter4
Results
4.1 Stamp quality assessment
In order to assess the quality of the stamps as well as the stamping method
before complicating the experiment with cells, we first stamped a pattern
with fluorescent fibronectin. A mix of 50ug/ml fibronectin and 10ug/ml
labeled fibronectin (Alexa 647nm) in milliQ was used. Pre-stamping treat-
ment of the glass slide consisted of 10 minutes in the UV-ozone cleaner.
There were no visible patterns.
To make the glass more adhesive (hydrophilic), we treated some of the
coverslips in the next batch with the oxygen plasma-cleaner. This resulted
in a visible pattern in the fluorescent image (figure 4.1). Note that this was
only if the stamp had been carefully pushed. Samples where no pressure
was applied during stamp-glass contact still showed no visible pattern.
Using this new protocol, we prepared a set of samples to seed the cells
on, with the same labeled fibronectin. While checking them under the
microscope, I found a strange pattern, which could be an indication that
I pushed down on the stamp too hard. See figure 4.2. The elastic PDMS
can easily be deformed. Since the features of the stamp are only 20 µm
thick, it stands to reason that the rest of the stamp can easily touch the
glass between them when a force is applied.
Other samples showed a strong micropattern signal (See figure 4.3),
which indicates some force is necessary to have the PDMS and glass make
good contact. The solution we found, is to apply pressure evenly using a
weight. We tested different lead weights between 10g and 40g and found
that 20 g gave the pattern with the most homogeneous colony geometry.
If the ’cleanliness’ of the pattern is more important, lighter weights of 15
or 10 grams are more fit. Note that all weights had a base of 1x1 cm: the
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Figure 4.1: Microscope fluorescence images of the first recognizable micropat-
terns in fluorescently labeled fibronectin, with spots circled in blue. In the left
image, there is a clear boundary around the seven spots. This is likely because
this is the location in which the stamp was pushed down to touch the glass. The
contrast between the spots and the background noise is very low. The scale bars
are 200 μm.
Figure 4.2: Another fluorescent image of a coverslip stamped with labeled fi-
bronectin. On the left is the ’weird’ pattern where the desired spots (100 μm) are
surrounded by a clean circle, and the space between the spots is full of fibronectin
too. On the right, we see the edge of this filled area, where the desired pattern still
continues. This is caused by pushing down too hard on the stamp. We needed to
find a way to apply pressure evenly. The scale bar is 200 μm
18
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same size as the pattern on the stamp.
Figure 4.3: Strong signals (high signal-to-noise ratio) from fluorescent fibronectin
micropatterns, stamped on a treated glass substrate. The scale bars are 200 μm.
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4.2 Cell adhesion
4.2.1 Adhesive material
Pluripotent E14 mESCs did not adhere to the fluorescent Fibronectin that
was used to assess the stamping method.
Laminin has the strongest cell adhesion: we used laminin-111 in a con-
centration of 10 µg/ml on the stamp and this gave very good cell adhesion
under pluripotency conditions (2i medium), see figure 4.4.
Figure 4.4: Laminin patterned with cells after 3 days in 2i medium. The glass
coverslip was prepared in the 100W plasma cleaner with the standard 10 minute
treatment. A weight of 20 g was used to apply pressure during stamp-glass con-
tact.
Cell colonies on Matrigel are much more fragile and are easily washed
off before differentiation, and smaller colonies could detach under subop-
20
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timal conditions. Even if this happened, adhesion can still be observed
around the edges of the stamped area, like in figure 4.5. This means that
in these pictures there is no pattern or structure, yet cell adhesion can still
be observed and compared. We suspect this adhesive region is caused by
the unpatterned, flat edges of the stamp that come into contact with the
glass surface.
Figure 4.5: Matrigel patterned with cells after 3 days in 2i medium. The glass
coverslip was prepared in the 100W plasma cleaner with the standard 10 minute
treatment. A weight of 25 g was used to apply pressure during stamp-glass con-
tact. There is no pattern in this region, this is a region where the edge of the stamp
deposited the Matrigel on the surface.
Gelatin is used as a coating for the plastic dishes in which the pluripo-
tent E14 mESCs are cultured. Thus we expected gelatin to be very adhe-
sive to the pluripotent cells. Contrary to our expectancy, we were unable
to replicate a clean pattern like in laminin. Still, cell adhesion could be
observed near the edges of the stamped area. See figure 4.6. This looks
different than the adhesion on Matrigel under pluripotency conditions:
the cell colonies are smaller, which indicates lower adhesion.
Cell adhesion on collagen was low: no patterns were observed in pluripo-
tent cells plated on a collagen stamped coverslip, not even before the first
wash. Still, there was some cell adhesion around the edges, although this
was less prevalent than in gelatin and Matrigel. An example is seen in
figure 4.7.
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Figure 4.6: Gelatin patterned with cells after 3 days in 2i medium. The glass
coverslip was prepared in the 100W plasma cleaner with the standard 10 minute
treatment. A weight of 20 g was used to apply pressure during stamp-glass con-
tact. There is no pattern in this region, this is a region where the edge of the stamp
deposited the gelatin on the surface. Cell adhesion on gelatin was unexpectedly
low. Notice that cell colonies are smaller here.
Figure 4.7: Collagen patterned with cells after 3 days in 2i medium. The glass
coverslip was prepared in the 100W plasma cleaner with the standard 10 minute
treatment. A weight of 25 g was used to apply pressure during stamp-glass con-
tact. There is no pattern in this region, this is a region where the edge of the stamp
deposited the collagen on the surface.
22
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4.2.2 Plasma treatment
After plating cells on the first stamped patterns, we noticed how cells ini-
tally (during the first few hours) attached all over the place and died. Dur-
ing this period, we could see very small round cells all over the plate. We
hypothesized that cells attached all over the glass due to the plasma treat-
ment, but only survived in the spots with the adhesive material.
In order to reduce the number of cells that die this way, and to increase
the initial number of cells on the pattern, we reduced the plasma treatment
from 10 to 5 minutes and imaged the cells after 4 hours on the coverslip.
Contrary to our hypothesis, the cells still attached all over the place, and
they even appeared bigger and healthier. See figure 4.8.
We could only explain this by assuming the plasma treated glass is de-
structive to the cells, whereas reduced plasma treatment retains the same
adhesiveness, while making the glass less destructive.
Figure 4.8: A cover slip that had only 5 minutes of plasma treatment, instead
of the usual 10 minutes. Pattern is stamped in laminin, this picture was taken 4
hours after submersing the sample in cell solution (250.000 cells in 2 ml). The cells
have attached all over the glass.
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4.3 Differentiation
4.3.1 Colony growth under differentiation conditions
Timeline of the experiment
After changing to basal medium without differentiation inhibitors, colonies
start to grow beyond the patterned areas, regardless of the micropattern
adhesive material. Even if there was a clear pattern under pluripotency
conditions, as soon as the cells start differentiating, they grow beyond the
pattern edges. Figures 4.9, 4.10 and 4.11 show the growth of the colonies
over time on all 4 adhesive materials.
24
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Figure 4.9: Phase-contrast image of colonies on the aforementioned materials,
after 1 day of differentiation. Differentiation was induced by changing to EB
medium after three days in 2i. All colonies show signs of differentiation: elon-
gated dark cells. Notice that they are starting to grow out of the round stamped
area. All glass coverslips were prepared in the 100W plasma cleaner with the
standard 10 minute treatment. A is an image of cells on the laminin pattern that
was prepared using a 20g weight. B is an image of cells on the Matrigel pattern
that was prepared using a 25g weight. C is an image of cells on the gelatin pat-
tern that was prepared using a 20g weight. D is an image of cells on the laminin
pattern that was prepared using a 25g weight. The scale bars are 200 μm.
Version of June 20, 2016– Created June 20, 2016 - 12:04
25
26 Results
Figure 4.10: Phase-contrast image of colonies on the aforementioned materials,
after 2 days of differentiation. Differentiation was induced by changing to EB
medium after three days in 2i. Now the differentiating cells are spreading beyond
the patterned area.
26
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Figure 4.11: Phase-contrast image of colonies on the aforementioned materials,
after 2 days of differentiation. Differentiation was induced by changing to EB
medium after three days in 2i. Differentiated cells are spreading out furhter than
just slightly beyond the initial colony boundary: it becomes apparent that colony
geometry control during differentiation needs to be improved.
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4.3.2 Cell expression after 6 days
After 6 days of differentiation, we fixed and stained the cells and imaged
the colonies that had retained a spheroid shape and expressed any of the
germ layer markers.
On laminin, we found two colonies of comparable size, around 230µm
in diameter, see figure 4.12. These colonies show the same spatial organi-
zation: Brachyury is expressed at the center of the colony, while Sox17 is
expressed near the edge. Otx2 is co-expressed throughout the colony in
one of the colonies, in the other it is mostly expressed near the edge just
like Sox17.
A slightly larger colony (diameter around 250µm) was imaged on the
Matrigel pattern. This one showed remarkably less spatial patterning of
the germ layers. Mesoderm expression is higher around the center of the
colony, like on laminin, but endoderm is expressed all throughout the
colony, and not just in the outer ring like on laminin. Like in one of the
colonies on laminin, Otx2 expression is higher near the edge of the colony
on Matrigel.
The imaged colony on gelatin is a lot smaller, with a diameter of only
150µm, and shows no spatial organization. All three markers are co-expressed
throughout the colony.
The imaged colony on collagen is 320 µm in diameter. Sox17 is ex-
pressed almost exclusively in the outer ring of the colony, while Brachyury
is expressed most in the center. Otx2 is co-expressed equally at all dis-
tances from the center. This spatial patterning of germ layers is a lot like
what we see in colonies grown on laminin. The only difference is that
Brachyury is expressed over a slightly wider range of distances from the
center. This could be caused by the difference between collagen and lamin,
but colony size is at least as likely to cause this small difference.
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Figure 4.12: Staining data for two colonies on a laminin pattern (upper colony:
diameter 240μm; lower colony: diameter 220μm). For both colonies, a plot of
the radial distribution of fluorescence intensity for all three markers is shown.
Below the plot are the different channels of the image from which the plot was
derived. From left to right: Brachyury (488nm), Otx2 (555nm), Sox17 (647nm)
and phase-contrast. The scale bar in the right-most image is 100μm.
Version of June 20, 2016– Created June 20, 2016 - 12:04
29
30 Results
0.0 0.2 0.4 0.6 0.8 1.0
Distance from colony center as a fraction of colony radius
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
M
e
a
n
 i
n
te
n
si
ty
 (
a
.u
.)
Matrigel
Brachyury (mesoderm)
Otx2 (ectoderm)
Sox17 (endoderm)
Figure 4.13: Staining data for a 250μm colony on a Matrigel pattern. A plot of
the radial distribution of fluorescence intensity for all three markers is shown.
Below the plot are the different channels of the image from which the plot was
derived. From left to right: Brachyury (488nm), Otx2 (555nm), Sox17 (647nm)
and phase-contrast. The scale bar in the right-most image is 100μm.
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Figure 4.14: Staining data for a 150μm colony on a gelatin pattern. A plot of the
radial distribution of fluorescence intensity for all three markers is shown. Below
the plot are the different channels of the image from which the plot was derived.
From left to right: Brachyury (488nm), Otx2 (555nm), Sox17 (647nm) and phase-
contrast. The scale bar in the right-most image is 100μm.
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Figure 4.15: Staining data for a 320μm colony on a collagen pattern. A plot of
the radial distribution of fluorescence intensity for all three markers is shown.
Below the plot are the different channels of the image from which the plot was
derived. From left to right: Brachyury (488nm), Otx2 (555nm), Sox17 (647nm)
and phase-contrast. The scale bar in the right-most image is 100μm.
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Conclusion and discussion
We showed that mouse embryonic stem cells can be cultured on micropat-
terns made up of different adhesive materials under pluripotency condi-
tions.
Under pluripotency conditions, laminin provided us with the most ro-
bust pattern of cell colonies. Cell adhesion to Matrigel, gelatin and colla-
gen was significantly weaker. Cells did not adhere to fibronectin.
Under differentiation conditions, colonies grew beyond the pattern bound-
aries that confined them during the intial plating in 2i (pluripotency) medium.
Apparently the treatment with 0.2% Pluronic acid that we use to pre-
vent cell adhesion on non-patterned areas is not strong enough on plasma
treated glass once the cells start differentiating. This method was used
based on the study by Warmflash et al. [2], who used it on a PDMS sur-
face. Future research should investigate ways to optimize colony geome-
try control during differentiation.
Immunostaining of spheroid colonies after 6 days of differentiation re-
vealed a radial patterning of germ layers in mouse ESC colonies on a mi-
cropatterned glass substrate.
On laminin-111 and collagen, the outer edge of the colony is predom-
inantly enododerm expressing Sox17, while Brachyury is expressed by
mesoderm cells in the center. Otx2, the ectoderm marker we used, is co-
expressed throughout the colony.
On Matrigel, the pattern is less pronounced: expression levels within
the colony are high, but not dependent on the distance from the center.
It is known that Matrigel is necessary to maintain pluripotency in human
ESCs [12], and even though it does allow mouse ESCs to differentiate in
medium with no differentiation inhibitors [11], it could slow down the
process. More data is needed to verify this hypothesis.
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Brachyury is expressed at the center, but the outermost ring of the
colony distinguishes itself through the expression of Otx2, while Sox17
expression is high, but independent of the location within the colony.
We conclude that this micropatterning technique triggers spatially or-
ganized differentiation in mESCs, even though colony geometry control
during differentiation should be improved to be able to further investigate
mouse ES cell differentiation. The role of colony size and substrate protein
in spatially organized differentiation can be investigated using this tech-
nique.
34
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AppendixA
Soft photolithography
The protocol for master fabrication using soft photolithography:
1. Apply 5 ml of MicroChem SU-8 2025 photoresist in the center of the
wafer
2. Spin coat wafer at 3000 rpm using the following program:
• Accelerate slowly to 1000 rpm in 10 seconds
• Accelerate to 3000 rpm
• Spin at 3000 rpm for 30 seconds
3. Bake:
• Bake at 65 ◦C for 5 minutes
• Ramp up to 95 ◦C in 5 minutes
• Bake at 95 ◦C for 10 minutes
• Leave to cool down to room temperature on the bakeplate
4. Expose through mask to 10 mW/cm2 UV from the mercury-vapor
lamp for 15 seconds at Z-position 12 on the mask aligner
5. Post-exposure bake:
• Bake at 65 ◦C for 3 minutes
• Ramp up to 95 ◦C in 3 minutes
• Bake at 95 ◦C for 8 minutes
• Leave to cool down to room temperature on the bakeplate
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6. Develop for 3 minutes in MicroChem SU-8 developer
7. Wash thoroughly with isopropanol (Note: if a white haze or white
traces appear around your structures when submersed in isopropanol,
put the wafer back into the developer)
8. Dry with pressurized nitrogen
9. Post-bake using the following program:
• Ramp up to 150 ◦C for 30 minutes
• Bake at 150 ◦C for 30 minutes
• Leave to cool down to room temperature on the bakeplate (overnight
typically)
10. Silanize in desiccator for 2 hours with one aliquot ( 40 µl) of (tridecafluoro-
1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane. The silane is attached on
the opposite end of the desiccator, so the pump pulls the vapors over
the wafer.
44
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PDMS stamping
Protocol based on pillar stamping protocol by Olga Iendaltseva. Remarks
between () are of a practical nature, some only apply to the Cell Observa-
tory Labs in Leiden.
Production of PDMS stamps
1. Measure Sylgard 184 components, ratio 10:1 (base/curing agent).
10g for one wafer, 15g – for two, 20g – for three, 30g – for four.
2. Mix well for 5 minutes and degas in desiccator approximately 30-60
minutes (wash the spoon with ethanol -¿ wipe before use)
3. Pour on silicon wafer (avoid introducing bubbles) and degas again
in desiccator approximately 15 minutes
4. When bubbles are gone, cure in the oven and cure at 110 ◦C for 20
hours (put a label on the oven)
5. Let the substrate cool down 2 hours before peeling off the stamps
6. When cutting out the stamps:
• First, cut out a large area around the micropattern
• Peel this away gently and place it on a flat, plastic surface
• With downward force only, cut out the micropattern stamps
(1x1cm)
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Note: apply gentle force downwards only, to avoid structure col-
lapse. Avoid deforming the substrate too much when peeling off the
micropattern: this will create uneven spacing between the dots in the
pattern.
7. Place the micropattern in a dish
8. Wash 2x the wafers with Isopropanol in the chemical hood and put
in the 65 ◦C oven to dry ( 1 hr)
• Re-silanize the wafer after using it twice
Micropattern stamping
Different temperatures were tried with different substances for both the 1h
on-stamp incubation and the 10 min stamp-glass contact. None of them
improved cell adhesion noticeably, compared to room temperature.
Legend:
RT : room temperature
L : Laminin
M : Matrigel
G : Gelatin
C : Collagen
RT 37 ◦C stamp-glass
4 ◦C M -
RT LMGC LGC
37 ◦C L L
solution-stamp
1. Put the stamps in a petri dish
2. Submerse in 100% ehtanol
3. Seal the petri dish with Parafilm and put it in the sonicator bath for
10 minutes
4. Remove the ethanol and let it dry for 2 minutes under laminar flow
5. Prepare a concentration of adhesive molecules, 40 µl per stamp
46
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• Fibronectin(Fn): Mix 50 µg/ml Fn and 10 µg/ml labeled Fn in
milliQ (labeling can be done with Alexa 405, 488, 561,647) (2 µl
of Fn, 0.5 µl of labeled Fn and 37 µl of MilliQ per stamp)
• Gelatin: 0.2 % gelatin concentration
• Laminin: Dilute one aliquot (20 µl) of 1 mg/ml laminin-111 in 2
ml of PBS for a concentration of 10 µg/ml
• Collagen: Type I Collagen from Rat’s tail, 3.5 µg/ml from vial
6. Tap the mixture gently 10-20 times
7. Apply 40 µl per stamp and incubate for 1 hour (in the dark if you are
using labeled Fn) (tip: put small 10 µl droplets in the corners and
then connect them using the pipette tip)
8. In the meantime, put the glass cover slips in the plasmacleaner for
10 minutes at 100 W (full power, full time 3 times)
9. Wash the stamps once/twice by submersing in milliQ and remove
water
10. Leave the stamps to dry under laminar flow for 15 minutes; make
sure all liquid has evaporated
11. Apply the dry stamp gently to the plasma treated cover slips and
leave to incubate 10 minutes (in the dark in case of labeled Fn)
• Make sure the stamp is stuck (push lightly to make proper con-
tact) by inverting (the stamp should not fall off)
12. DO NOT remove the stamp immediately, but submerse everything
in 100% ethanol first, then CAREFULLY remove the stamp
13. Replace 100% ethanol with 70% ethanol
14. Replace ethanol for 0,2% Pluronic in PBS to block, leave 60 minutes
(in the dark in case of labeled Fn)
15. Wash the stamped patterns with PBS, until no more bubbles from the
soap-like Pluronic are present
16. Store stamped patterns at 4C for not more than one week (we know
this works for fibronectin, unsure for other materials like gelatin:
might degrade coating quality)
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17. Exchange PBS for warm medium, exchange petridish for 6-well plate
and seed 250k cells per well (per pattern)
18. Change medium every two days
48
Version of June 20, 2016– Created June 20, 2016 - 12:04
AppendixC
mESC culture in 2i
C.1 Preparation of the medium [basal medium]
(1000 ml)
Important: mix ingredients using sterile technique!
N2B27 medium
• 976.5 ml DMEM/F12
• 5 ml N2 supplement (100x)
• 10 ml B27 supplement (50x)
• 2.5 ml L-glut (stock: 200mM)
• 5 ml NEAA
• 7 µl beta-mercaptoethanol
• 1 ml pen/strep (1000x)
2i medium (500 ml)
• 500 ml N2B27 medium
• 1 ml human insulin (stock: 10mg/ml)
• 50 µl PD0325901 (stock: 10mM, final: 1 µM)
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• 150 µl CHIR99021 (stock: 10mM, final: 3 µM)
• 500.000 units mLIF (50 µl of 1e7 units/ml)
EB medium
• 440 ml kockout DMEM
• 50 ml ES certified FBS (10%)
• 5ml Non Essential Amino Acids
• 4 µl beta-mercaptoethanol (stock: 14.3 M)
• 0.5ml pen/strep (1000x)
• 5ml L-glut (stock: 200mM)
C.2 Preparation of the culture surface
Cell culture in plastic dish: coat with 0.1-0.2% gelatin for >10 min at 37C
C.3 Start mESCs culture
Important: use serum+LIF for starting the culture!
• thaw vial of mESCs quickly, add 1ml of cell suspension to 9 ml of full
medium
• spin down (3-5 min, 1000-1500 rpm), remove supernatant;
• optional: repeat wash with 10 ml full medium
• resuspend in appropriate amount of culture medium and plate
• after 1-2 days exchange medium with 2i medium
50
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C.4 Passaging
The amounts of accutase and medium are convenient for the 6 cm dishes
I used for culture.
• passage cells every 2-3 days
• wash plate once with 1 ml PBS, carefully not to detach cells
• add 2 ml accutase
Important: don’t use trypsin to passage cells in 2i!
• incubate 2-3 min at 37 ◦C
• triturate cells in accutase to break up colonies
• add 6 ml medium to 2 ml cells in accutase
• spin down (3-5 min, 1000-1500 rpm), remove supernatant; resuspend
in full medium
• split at ratio 1:5-1:16 (1:8 typically)
C.5 Freeze cells
Important: use mESC [serum+LIF] medium!
• resuspend cells in full medium with serum
• add DMSO to final concentration of 10%
• distribute over multiple cryo-vials (1 ml per vial); make sure each
vial contains enough cells for a new culture on a 6 cm or 10 cm dish
• freeze cells slowly in Mr. Frosty or in styrofoam container for several
days in -80 freezer
• transfer cells to longterm storage in liquid nitrogen or freezer with
equivalent temperature
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Immunofluorescence staining
Protocol is adapted from Carpenedo et al.(2009) [23]
Reagents and furnitures
• 4% paraformaldehyde (PFA)
• PBS 1X
• 2% Triton X-100
• Blocking buffer
Component Volume Final concentration
PBS(10X) 50 µl 1X
BSA 100 µl 1%
10% Triton X-100 15.2 µl 0.3%
Vandal ribonucle-
osome complexes
(200nM)
5 µl 2mM
MilliQ 330 µl -
• Washing buffer
Component Final concentration
NaCl 150mM
5% BSA (50 mg/mL) 1 mg/mL
Tween 20 0.1%
Tris 50 mM
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Day 1
First fixation
• Remove the medium
• Wash with PBS
• Cover cells with 400 µl of 4% paraformaldehyde (PFA)
• Incubate 1h at 4 ◦C
• Wash cells three times with washing buffer
Blocking & permeabilization of cells
• Remove the liquid
• Cover cells with 400 µl of 2% Triton X-100
• Incubate 30 min at room temperature
Second fixation
• Remove the liquid
• Cover cells with 100 µl of 4% PFA
• Incubate 15 min at 4 ◦C
• Wash cells three times with washiing buffer
At this point, the cells can be put in the fridge in 70% ethanol to be used
later. This was not done with the stained cells in the results section of this
thesis.
Primary antibody
• Remove the liquid
• Cover with 300 µl of blocking buffer with 1:200 antibody
• Incubate overnight at 4 ◦C in the dark
54
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Day 2
Wash three times 3 min at room temperature with PBS 1X
Now you have to work in the dark
Secondary antibody
• Remove the liquid
• Cover with 300 µl of blocking buffer with 1:200 antibody
• Incubate 4h at room temperature in the dark
• Wash three times 3 min at room temperature with PBS 1X
Optional: DAPI staining
• Remove the liquid
• cover with 1 µg/mL of DAPI diluted in PBS
• Incubate 30 min at room temperature
• Wash three times 3 min at room temperature with PBS 1X
Cover with 1mL of PBS 1X
Image
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